• A spatially and temporally resolved emission inventory (Greece-Athens) • Development of temporal coefficients for the disaggregation of road emissions • Engine technology and fuel consumption determine annual variation of emissions.
Introduction
According to the Air quality in Europe -2013 report (EEA, 2013a) up to a third of Europeans living in urban areas are exposed to air pollutant levels that exceed the European Union air quality standards thus posing a threat to the urban environment and human health (Hoek et al., 2002) . Traffic is considered one of the major polluting sectors and as a consequence a significant cause for the monitored exceedances of ambient air quality limit values mainly in urban areas (EEA, 2013a) . In 2011, the contribution of road transport emissions to the nitrogen oxide (NOx) and monoxide carbon (CO) in Europe amounted to 40% and 26%, respectively (EEA, 2013b) . They are also a major source of particle emissions (PM 10 and PM 2.5 ) (Pant and Harrison, 2013) and nonmethane volatile organic compounds (NMVOCs). Passenger cars (PCs) and heavy duty vehicles (HDVs) are the principal contributors to NOx emissions while, passenger cars alone are among the top five key categories for CO emissions (EEA, 2013b) . Moreover, concentrations of NO 2 and PM 10 measured at a particular location are influenced by a variety of local and distant sources. Using source apportionment techniques in order to establish the contributions made by transport and other sources it was found that the EU-27 averaged contribution of urban and local traffic to PM 10 concentration was 34% in 2010 (measured at 29 urban traffic sites) (EEA, 2012) .
In this framework the European Union set out legislations towards cleaner engine technologies and fuels which have positively affected emissions from road traffic (Colvile et al., 2001; Zamboni et al., 2009) . As a consequence, total emissions in EU-27 have dropped considerably (reference period 1990-2011) including emissions of the three air pollutants primarily responsible for the formation of ground-level O 3 : CO (64% reduction in the EU-27, 57% for Greece), NMVOC (59% reduction in the EU-27, 41% for Greece) and NOx (48% reduction in the EU-27, 9% for Greece) (EEA, 2013b) . Regarding NOx, the emission reductions from the road transport sector have primarily been achieved as a result of fitting catalysts to vehicles (driven by the legislative 'Euro' standards) (EEA, 2012) . As far as Greece is concerned, the road transport share on national pollutant emissions for 2010 was about 60%, 32%, 21% and 7% for CO, NOx, NMVOC and PM 2.5 , respectively (Table 1) . Therefore, studying accurately vehicles' emissions can enrich our knowledge towards the formulation of efficient air quality management schemes (Tsilingiridis et al., 2002; Giannouli et al., 2011) , since the emission inventory is a key component of any air pollution control programme (Souza et al., 2013) .
The first comprehensive emission inventory for the road transport sector for Greece was developed by Symeonidis et al., 2003 with the use of COPERT (Computer Programme to Calculate Emissions from Road Transport) II covering the period 1992-2000 and revealed the effects from the import of new catalyst cars in the Greek market. A spatially (10 × 10 km 2 ) and temporally (1-hour) disaggregated anthropogenic emission inventory of ozone precursors (NOx, NMVOC and CO) for the southern Balkan region (including the Greek territory) was implemented by Poupkou et al. (2007) adopting 2000 as a reference year. Markakis et al. (2010) constructed an emission inventory for Greece for the year 2003 in a 10 × 10 km 2 spatial and 1-hour temporal resolution respectively. Concerning road transport emissions, two different approaches were employed, the bottom-up approach that uses activity data like traffic loads and driving speeds based on real circulation conditions and the top-down approach that uses statistical information like fleet composition and fuel consumption. For the bottom-up approach the data were assembled in the year 1998 in the framework of the "Environmental Inventory System for Transport" (EIST) project (Symeonidis et al., 2003) and consisted of hourly traffic loads and vehicle speeds for seven vehicle categories (passenger cars, taxis, light duty vehicles, heavy duty vehicles, urban buses, coaches and motorcycles) in 700 road segments of the national road network of Greece, 1001 road segments in Athens and 1710 road segments in the city of Thessaloniki. The traffic loads refer to a typical weekday and do not provide further temporal information besides the hourly variation. For the top-down approach data representing the circulating fleet in Greece and the two urban centres (Athens and Thessaloniki) per vehicle type and engine technology as well as the annual fuel consumption of gasoline and diesel, were also assembled within the EIST project for the year 1998. The traffic counts were updated in order to be representative for the year 2003 with the use of fleet growth factors (per vehicle type and engine technology) based on fleet projections (Kyriakis et al., 1998) . Moreover, Greece being a party of the Long-Range Transboundary Air Pollution (LRTAP) Convention officially submits national emission data every year to the European Monitoring and Evaluation Programme (EMEP) via the United Nations Economic Commission for Europe (UNECE), on a 50 × 50 km 2 spatial resolution that are freely available online at www.ceip.at. Aleksandropoulou and Lazaridis (2004) performed a spatial distribution based on the annual national data mentioned above and developed an emission inventory for Greece (5 × 5 km 2 ) from anthropogenic and natural sources. The spatial resolution was increased based on the allocation of emissions from several sources, the land use and population density data. Since an accurate and reliable emission inventory was missing, Progiou and Ziomas (2012) presented a twentyyear road traffic emission trend for Greece. In this work, annual emissions of air pollutants from road transport in Greece were calculated for the period 1990-2009 without being further temporally and spatially analysed. They found that the age of the vehicles and the corresponding engine technology are the critical parameters in determining the amount of pollutants emitted from both passenger cars and heavy duty vehicles demonstrating the importance of a renewal programme of the old circulating vehicles in order to set an effective air pollution abatement strategy.
The Attica region was chosen by many researchers for further study since it is the most populated area in Greece, hosting 4.2 million habitants, about 36% of the total Greek population (http://epp.eurostat.ec. europa.eu/) (Fig. 1) . The Athens basin is located near irregular coastline at the centre of Attica and is surrounded by moderately high mountains from the west, north and east. The complex topography in combination with the concentration of anthropogenic activities (road traffic, residential heating, industrial and shipping emissions) and local meteorological conditions have often led to the development of air pollution episodes (Kassomenos et al., 2006; Bossioli et al., 2007; Hatzianastassiou et al., 2007; Grivas et al., 2008; Kassomenos et al., 2012; Kalabokas et al., 2012; Pateraki et al., 2013) .
Recognising the need to understand the processes that lead to air pollution episodes in order to manage the air quality effectively, researchers performed early photochemical simulations above the Athens basin (Pilinis et al., 1993) . However, the traffic emissions used were mere approximations and were not spatially and temporally analysed thus leading to inaccuracies. In this respect several early efforts to construct emission inventories for Athens were made by Economopoulos (1997) who produced total values of smoke, sulfur dioxide (SO 2 ), NO x , CO, and volatile organic compound (VOC) based on approximate data from space heating boilers and traffic for the centre and the periphery of Athens. His research revealed a decrease in NOx emissions from internal combustion activities (vehicle emissions) from 22.571 tonnes in 1989 (total year-average) to 21.605 tonnes in 1992 (total yearaverage). Ziomas et al. (1998) constructed an emission inventory for selected dates in 1994 including only NO x , CO, and VOC for Athens using aircraft and ground measurement data as a basis. Similarly, Kourtidis et al. (1999) produced a traffic emission inventory for a selected day in 1994, based on measurements from a typical street of Athens. Both researchers provided insight on the emission control strategies related to VOC control and VOC speciation in order to reduce ozone (O 3 ).
An emission inventory for Athens was implemented by Markakis et al. (2010) on a 2 × 2 km 2 spatial and 1-hour temporal resolution for the year 2003. The share of the road transport emissions to the total emissions was found to be significantly higher in Athens compared with smaller cities. Passenger cars and motorcycles were a considerable contributor to CO and NMVOC emissions whereas heavier vehicles (buses, coaches and HDVs) were responsible for the majority of NOx emissions. With the use of emission data from the United Nations Environment Programme (UNEP)/EMEP (50 × 50 km 2 resolution), Aleksandropoulou et al. (2011) developed an emission inventory for the Greater Athens Area (2007 being the reference year, 1 × 1 km 2 )
indicating the importance of road transport to CO, NMVOC and NOx emissions. Annual road traffic emissions for the Greater Athens Area were also calculated by Progiou and Ziomas (2011) for the period 1990-2009 while the relationship with air pollutant concentrations was also investigated. PCs were found to be the major contributors to CO, NMVOC and methane (CH 4 ) emissions while HDVs were associated with PM 10 and NOx emissions. However, the annual emissions were neither spatially allocated in gridded form nor temporarily resolved in hourly values. Since road transport is a large contributor to urban air pollution, while it accounts for approximately 25% of the CO 2 emissions responsible for climate change (EEA, 2013d), many countries have encouraged a shift to diesel fuelled cars in an effort to reduce greenhouse gas (GHG) emissions (Sullivan et al., 2004; Zachariadis, 2006; Zervas et al., 2006; Zervas, 2006) . On the contrary, diesel fuelled cars are sources of NOx, fine particulates and CO and have been blamed for maintaining high pollution levels in urban areas (Gonzalez and Marrero, 2012) . According to Weiss et al. (2012) Fig. 2 the percentage of diesel passenger cars in use in 2010 was much higher for the European countries than for Greece (ANFAC, 2012) . In this respect, the Greek authorities cancelled the ban on movement from passenger cars with diesel engines on the city centre of Athens and Thessaloniki -the two larger cities of Greece. As a result the share of diesel in new PC registrations increased to 40% in 2011 and 58% in 2012.
As already mentioned above, emission inventories are used as input data in photochemical models and thus it is very important that they are reliable and regularly updated with high spatial and temporal allocation data, covering a year-to-year variation (Hanna et al., 2001; Poupkou et al., 2008; Taghavi et al., 2005; Coelho et al., 2014) . In order to address these requirements the most accurate and updated data must be used concerning vehicle fleet (vehicle types, engine technology and engine capacity), fuel consumption and average speeds under different road types. The emission models used for the estimation of road traffic emissions have become comprehensive enough with time in order to take into account the technological developments and the shift of research activities to certain pollutants (Kousoulidou et al., 2013) . Moreover, it is very important for the emission inventory to be evaluated in order to ensure that it properly represents real conditions (Winiwarter et al., 2003) . Especially the road traffic contribution must be correctly assessed to a comprehensive emission inventory and this can be possible with the continuous validation of the road traffic emission models (Smit et al., 2010; Noland and Quddus, 2006; Zachariadis and Samaras, 1997) . Within that frame, the purpose of the present work is to a) construct an emission inventory in order to examine the road traffic emission trend in Greece and the Attica for the period 2006-2010 on a spatial scale of 6 × 6 km 2 and 2 × 2 km 2 respectively and on a temporal scale of 1 h, b) estimate the possible benefits of increased diesel penetration where part of gasoline passenger cars are replaced by diesel ones in the Attica and c) perform a sensitivity analysis of the effects on emissions from changes in various parameters such as engine type, vehicle velocity, mean trip length, and vehicle fleet.
Methodology
The road transport sector emissions were calculated using the topdown approach based on the EMEP/CORINAIR methodology (EEA, 2013b) . Within that frame COPERT IV was applied for the estimation of annual emissions at a national level (Greece) and for Attica covering the period 2006-2010. COPERT is user-friendly software (Gkatzoflias et al., 2012; Katsis et al., 2012) and it is officially proposed from the United Nations Framework Convention on Climate Change (UNFCCC) (IPCC, 2006) . The methodology allows the estimation of emissions from five main vehicle classes: passenger cars (PCs), light commercial vehicles (LCVs), heavy duty vehicles, buses and motorcycles. These are then distinguished according to the fuel type used (gasoline, diesel, liquid petroleum gas, compressed natural gas), the EU Directives to which they conform in terms of emissions (PRE ECE, ECE 15/00-01, Euro 1, Euro 2, etc.) and the engine capacity (e.g. b1.4lt, 1.4-2.0lt, and N2.0lt for passenger cars, b 3.5 t or N3.5 t for commercial vehicles).
Model description
Generally total emissions are calculated by means of the following equation, for each vehicle category (EEA, 2013c):
where E total is the annual total emissions (g) of any pollutant for Greece and Attica, E hot is the emissions (g) during stabilised (hot) engine operation and E cold is the emissions (g) during transient thermal engine operation (cold start). Since engine operation determines vehicle emissions a distinction was made between urban, rural and highway driving conditions (e.g. for gasoline PCs the share was considered to be 44%, 42% and 14% for urban, rural and highway driving conditions respectively). Moreover, different speed values were attributed to vehicle categories for each driving condition (e.g. for PCs 19 km/h, 60 km/h and 90 km/h correspond to the urban, rural and highway driving conditions). The necessary activity data (share of driving condition and mean travelling speeds in different driving conditions) as well as the information needed for vehicle technology splitting were collected by Ntziachristos et al. (2008) and are provided by Emisia SA for Greece (www.emisia.com).
Road traffic emissions depend on: 1) the distance traveled (km); 2) the fuel used (e.g. diesel, gasoline); 3) the velocity (km/h) or road type; 4) the engine capacity and 5) the emission standards (e.g. Euro 4). Therefore, the formula to be applied for the calculation of hot emissions of pollutants yields:
where E hot; i, k, r is the annual hot exhaust emissions of the pollutant i (g), produced by vehicles of technology k driven on roads of type r, N k is the number of vehicles (veh) of technology k in operation in the period concerned, M k,r is the mileage per vehicle (km/veh) driven on roads of type r by vehicles of technology k and e hot; i, k, r is the emission factor in (g/km) for pollutant i, relevant for the vehicle technology k, operated on roads of type r. Cold-start emissions are attributed mainly to urban driving (and secondarily to rural driving), as it is expected that a limited number of trips start at highway conditions. Cold-start emissions are introduced into the calculation as additional emissions per km using the following formula:
where E cold; i, k is the cold-start emissions of pollutant i (for the reference year), produced by vehicle technology k, β i, k is the fraction of mileage driven with a cold engine or the catalyst operated below the lightoff temperature for pollutant i and vehicle technology k, N k is the number of vehicles (veh) of technology k in circulation, M k is the total mileage per vehicle (km/veh) in vehicle technology k and e cold /e hot | i,k is the cold/hot emission quotient for pollutant i and vehicles of k technology. The β-parameter depends upon ambient temperature t a (for practical reasons the average monthly temperature can be used), and the pattern of vehicle use -in particular the average trip length l trip . A value of 12.4 km has been established for the l trip value. Table 3 and for Attica in  Table 4 , while the passenger cars' speciation per fuel type for both Greece and Attica is presented in Fig. 3 . The Hellenic National Meteorological Service provided the necessary minimum and maximum monthly temperature profiles for the calculation of the monthly mean temperature values required by COPERT (Table 5 ). The annual total fuel consumption for each fuel type wasprovided by the Greek Ministry of the Environment (Fig. 4) . The annual mileage was calculated based on methodology proposed by Symeonidis Table 2 Input data used in the inventory and the sources that provided these data.
Description of input data and model output

Input data Source
Vehicle fleet composition per vehicle type, cylinder capacity and fuel type (2003) . According to this study old vehicles travel fewer kilometres.
The emission estimation methodology covers exhaust emissions of CO, NOx, NMVOC, CH 4 , CO 2 , N 2 O, NH 3 , SOx, exhaust PM, PAHs and POPs, dioxins and furans, and heavy metals contained in the fuel (lead, arsenic, cadmium, copper, chromium, mercury, nickel, selenium and zinc). NOx emissions are further split into NO and NO 2 . PM is also divided into elemental carbon and organic carbon as a function of vehicle technology. A detailed speciation of NMVOCs is also provided, and this covers homologous series such as alkanes, alkenes, alkynes, aldehydes, ketones and aromatic compounds. PM mass emissions in vehicle exhaust mainly fall in the PM 2.5 size range. Therefore, all PM mass emission factors are assumed to correspond to PM 2.5 .
Spatial and temporal allocation of annual emissions
The annual emissions calculated by COPERT IV for each driving condition (urban, rural, highways) were spatially allocated on a 6 km resolution grid over Greece (Grid 1) and a 2 km resolution grid over Attica (Grid 2) with the use of a Geographic Information System (GIS). The above grids were constructed in Lambert Conformal Conic coordinate system. Fig. 1 presents Grids 1 and 2 as well as the land use categories attributed to each cell .
According to the EMEP/EEA Air Pollutant Emission Inventory Guidebook (EEA, 2013b) the aggregated emission inventory can be spatially resolved with the use of surrogate datasets. The annual emissions were allocated to the Greek road network based on the three driving conditions (urban, rural, highways) used by COPERT. For this purpose digital road maps were used (OpenStreetMap data, 2012) and road types were classified into 3 categories: a) urban roads, b) primary and secondary roads and c) highways. Therefore, urban emissions were distributed to urban areas only based on population data provided by the GEOSTAT population grid (Eurostat, 2012) and according to the equation:
where E i,x is the emission of pollutant i in the cell x, E i is the annual total emission of pollutant i, pop ,x is the population in the cell x, and pop, tot is the total population for the reference grid (Greece or Attica). Concerning rural emissions they were spread across the grid at primary and secondary roads according to the total length of the road per grid cell. Highway emissions were allocated to highways only based on mean daily traffic flow data provided by the Hellenic Institute of Transport (H.I.T.) covering the national highways. The next step included the temporal disaggregation of the gridded annual emissions to monthly, weekly and diurnal values based on the equation:
where E h,i is the hourly emissions of pollutant i in the cell x, E i,x is the annual emissions of pollutant i in the cell x and M, D and H are the monthly, daily and hourly disintegration coefficients, respectively. For the development of temporal coefficients for Grid 2 hourly traffic counts were provided by the Attica Traffic Management Center for the period 2006-2010 covering the main road network of the GAA at both directions. As a consequence the yearly, monthly, daily and hourly profiles were created highlighting the special characteristics of the GAA traffic.
Impacts of input parameters on Attica emissions
In order to estimate the effects of different input parameters on emissions calculated by COPERT for the Attica region seven scenarios were constructed concerning the fleet of PCs and HDVs, the driving condition share, the velocity, the length of the trip and the maximum and minimum monthly temperatures (Table 6 ). The influence of vehicles with Euro latest standards was also verified. The reference year for the scenario process was 2010 so changes were made only for that year's inputs resulting in different sub-scenarios named as 2010_1, 2010_2, etc. More specifically, the seven scenarios with their sub-scenarios were:
❖ Scenario A -dieselisation. In order to estimate the possible benefits due to the increased diesel penetration on PCs, three sub-scenarios were constructed where part of gasoline passenger cars was replaced by diesel ones. The PC fleet changed following the trends in gas/diesel PC ratio of different European countries as presented by the ANFAC (2012) (Fig. 2) . Since only Euro 5 diesel PCs are allowed to enter the Athens city centre the replacement regards only this type of engine technology for diesel PC (Fig. 5) . Concerning the engine capacity the category 1.4-2.0lt was selected since it represents the average engine capacity among new PC registrations in Greece (ACEA, http://www.acea.be/statistics). The other vehicles (LCVs, HDVs, buses, motorcycles) remained unchanged. The three sub-scenarios were: ➢ 2010_1: 20% of total passenger cars were considered to be diesel Euro 5 vehicles with engine capacity 1.4-2.0lt. ➢ 2010_2: 30% of total passenger cars were considered to be diesel Euro 5 vehicles with engine capacity 1.4-2.0lt. ➢ 2010_3: 60% of total passenger cars were considered to be diesel Euro 5 vehicles with engine capacity 1.4-2.0lt. (Ntziachristos and Samaras, 2010) . Six sub-scenarios were developed by increasing/decreasing the trip length on a 2 km step (Table 6 ). ❖ Scenario F -Temperature. The average monthly minimum and maximum temperatures changed by 5%, 10% and 20% in order to analyse the sensitivity of calculations with respect to the temperature. Fig. 4 . Fuel consumption in Greece from the road transport sector as used in COPERT input data (LPG = liquid petroleum gas, CNG = compressed natural gas).
related to the annual fuel consumption (Fig. 4) presenting an increase for the first 2 years (2006) (2007) while inform 2009 to 2010 a decrease of 6.5% was observed for Greece coupled with an 8.9% reduction in gasoline consumption and 10.5% in diesel consumption. However, the NOx and PM values remained rather stable presenting only a slight decrease in the period 2008-2010 in Greece and Attica, 4% and 7% for NOx; and 3% and 4% for particulates, respectively due to the increase in diesel vehicle fleet.
Comparing the national with the Attica emission results it is revealed that about 40% of CO 2 , CO, VOC and NMVOC and 30% of NOx and PM are emitted in Attica. This difference is due to the fact that half of the national PC fleet (52.8% in 2010) is located in Attica corresponding to 74% of the local fleet (Tables 3 and 4 ). The type of fuel used by this group is mainly gasoline, enriching in this way CO, VOC and NMVOC emissions (BanWeiss et al., 2008) while diesel vehicles contribute mostly to NOx and PM. In Greece most PCs, motorcycles as well as part of LCVs use gasoline fuel while HDVs, buses, taxis and the rest of LCVs use diesel fuel.
Concerning the emission distribution according to the driving condition in Attica, urban emissions prevail among rural and highways for all pollutants, as expected since the kilometres driven on urban roads were favoured among rural roads and highways especially for PC. Urban emissions correspond to low driving speed conditions (19 km/h) at which engines consume more fuel. On the other hand, PM 10 and NO x present an increased share in rural and highway categories (Fig. 7) . The doubling of PM and NOx percentage in rural and highways stands for the travelling of HDVs and part of LCVs. However, according to Vanhulsel et al. (2014) in Belgium in 2010 the 37% of the kilometres is travelled on highways, 41% on rural roads and 22% on urban roads. The urban share of mileage (in %) driven by the various vehicle categories as used in TRENDS is presented by Mellios et al. (2006) for various countries indicating the special national characteristics in driving share. For example the urban share for PC in UK is 46% while in Portugal is 24%. Table 7 shows the emissions per vehicle type for the year 2010 for Attica. It is obvious that PCs contribute mostly to the total road traffic emissions of CO, VOC, NMVOC and CO 2 . Approximately 25% of CO emissions come from gasoline PCs with engine capacity 1.4-2.0lt since this group is the most populated among PCs (Fig. 3 right) . As for the engine technology, Euro 3 PC -gasoline is considered as major polluters with 11.6% for 0.8-1.4lt and 13% for 1.4-2.0lt engine capacity of CO emissions (not shown here). Diesel PCs are responsible only for 0.1% of total CO emissions (not shown here). Motorcycles also play a significant role to CO, VOC and NMVOC emissions (25%, 26.07% and 25.52% respectively) since they are more economic and efficient and consequently very popular to use in urban Athens traffic conditions. The vehicle category that dominates in NOx, PM 2.5 and PM 10 emissions is HDVs with 51.27%, 43.97% and 38.13% respectively for 2010 (Table 7) , which is attributed to the diesel engines. The second larger contributor to this group of pollutants comes from PCs, namely 21.3% for NOx, 27.31% for PM 2.5 and 35.5% for PM 10 . Motorcycles have a small contribution to NOx (2.83%), PM 2.5 (7.88%) and PM 10 (7.31%) emissions. LCVs use both gasoline and diesel fuel and as a consequence the emission percentages do not vary among pollutants, the percentage of CO is the highest, 13.39%. Buses contribute to NOx by 15.33% and particle emissions (8.29% -PM 2.5 , 7.39% -PM 10 ).
Ozone precursors in Attica
High ozone concentrations have been recorded by researchers as well as the national network for monitoring atmospheric pollution. Hence study of the ozone precursors, VOC and NOx is of the outmost importance in order to control the occurrence of high levels (Ziomas a U = urban, R = rural and H = highways. et al., 1998). As shown in Fig. 8 , NOx emissions outweigh the VOC emissions for both Greece and Attica. The ratio VOC/NOx is higher for Attica since the diesel vehicle proportion of total fleet is lower for this area (Tables 3 and 4) . Generally, a decrease in the VOC/NOx ratio was observed from 2006 to 2010 due to the reduction of VOC emissions (Fig. 4 bottom-right) . According to Ziomas et al. (1998) , VOC reductions have greater effects on ozone formation within the Greater Athens Area meaning that the reduction of the ratio VOC/NOx will lead to lower O 3 values. Concerning the NMVOC speciation for Attica, alkanes prevailed among other species (8.834 tn for 2010) with aromatic HC coming next (6.415 tn for 2010) and alkenes following (2568 tn for 2010) (Fig. 9 left) . According to Atkinson (2000) alkanes neither photolyze nor react with O 3 . It is their reaction with OH that leads to the production of NO 2 . Only cycloalkanes can lead to PM formation (0.63% of total NMVOC). 3-Methylpentane, isopentane, 2-methylpentane, butane and pentane are the prevailing alkanes (Fig. 9 right) . Aromatic HCs play a dominant role to the formation of particles in urban areas (Atkinson, 2000; Odum et al., 1997 ) -toluene, m-p-xylene and benzene are between the top 10 NMVOC species (Fig. 9 right) . Their impact on O 3 production is also very important as their contribution leads to a significant increase in O 3 concentrations in Athens (Bossioli et al., 2002) . Alkenes and aldehydes, despite their lower contribution to total NMVOC emissions (2568 tn-732 tn respectively), are very reactive and lead to the conversion of NO to NO 2 and consequently to O 3 formation (Pusede and Cohen, 2012) . Especially the presence of ethylene and formaldehyde is very important in urban areas (Jenkin and Clemitshaw, 2000) . Their share to NMVOC is 8% (Fig. 9 right) and 1.63% respectively (not shown here).
Spatial and temporal allocation
The spatial allocation of CO emissions on Greece's national highways for 2010 (Fig. 10 right) revealed that peaks were located close to Athens and at motorways that connect the two larger cities (Athens and Thessaloniki). In the case of urban emissions, cells representing high population densities (large cities of Greece) were associated with higher values of CO (Fig. 10 left) . The spatial allocation of total CO, NOx, PM 2.5 and VOC emissions in Attica (Fig. 11) showed that high values are concentrated over the urban area of Athens with cells of high NOx and PM 2.5 emissions located at the local highways.
Monthly, weekly and hourly traffic flow profiles are shown in Fig. 12 for Attica for the year 2010. Higher traffic flows are found during May, June, July and September while the lowest values are reported in August due to summer vacations (Fig. 12 top left) . Concerning weekly profiles (Fig. 12 top right) there is an obvious difference between weekdays and weekends following the working schedule. Higher values are observed on Friday compared to the other weekdays probably because it is the last day of the week. In Fig. 12 bottom, hourly traffic profiles were chosen for Sunday and Friday (being the most populated day) for the winter and summer months. Profiles for both months on Friday are highly correlated with the working hours having a morning peak at 8.00 LST and a second one from 16.00 to 19.00 LST since the working hours vary. The temporal distribution of traffic data is quite different on Sunday when higher values appear at 14.00 LST as well as in the afternoon.
According to Funk et al. (2001) and Mellios et al. (2006) , a method to validate road traffic urban emission inventories is to perform a comparison between emission estimates and ambient air quality data by using CO/NOx ratio. This emission inventory evaluation method is based on the premise that in urban areas, ambient primary pollutant concentrations are influenced by fresh emissions in the vicinity of the ambient monitor. However, precursor transport, carryover effects, and chemical reactions can also influence ambient concentrations. The influence of these effects on the comparison is minimised but not eliminated by selecting monitoring sites located in areas with high emission rates and by examining data collected when wind speeds and photochemical reaction rates are low. In order to minimise the impact from the above parameters early morning periods should be selected. This is due to the fact that, during the early morning hours, emissions are high while wind speed, atmospheric mixing height, temperature, and chemical reactivity are low (Funk et al., 2001) . Parrish et al. (2002) also showed that ambient measurements at carefully selected urban sites accurately reflect the absolute values and temporal trends of the CO/NOx ratio on road vehicle emissions.
In this frame, the CO and NOx hourly emissions were compared with hourly measurements from the urban traffic station Patision, of the air quality monitoring network of the Ministry of Environment, Energy and Climate Change, which overlooks the busy Patision road so it is highly correlated with road emissions in agreement with Kourtidis et al. (1999) . The diurnal correlation between the CO and NOx emissions and the measured concentrations were evaluated for the year 2010 covering the morning period 6.00-10.00 LST for winter (February) and summer (June) (Fig. 13) . Hourly mean values of Friday for each of the above months were used since during this day the highest traffic flows were attributed. Statistical parameters (bias, correlation coefficient and Root Mean Square Error) were calculated for the monthly and hourly E.I. values and measurements and are presented in Table 8 . Results revealed a satisfactory correlation (Table 8) for CO. Both emissions and concentrations had the same morning peak at 9.00 LST in February and at 8.00 LST in June. Differences in values appeared for NOx in February as the concentrations reached the highest value at 7.00 LST and then decreased contrary to the emission morning variation that reached the highest value at 9.00 LST. The correlation between NOx emissions and measurements for both February and June was very poor. The ratios of CO/NOx for each month are also presented in Fig. 13 . In February the emission inventory ratios appeared greater than the measurement ratio for the period 6.00-8.00 LST (five times greater at 7.00 LST) due to the high CO emissions that were attributed in the morning. There was a good agreement though from 8.00 LST to 10.00 LST. However in June, although there was a good agreement in ratios in the early morning after 9.00 LST the emission inventory ratio was almost half of the measurement ratio. According to Funk et al. (2001) , 25% agreement would be considered acceptable for this type of analysis. 
Scenario results
The results from the scenario A-G estimates are presented in Fig. 14 for the pollutants CO, NOx, VOC, PM 2.5 , and PM 10 and the greenhouse gas CO 2 . The emissions for 2010 are also presented as reference for comparison.
❖ Scenario A. Regarding sub-scenario 2010_1, lower CO (2330.4 tn-2.4%), VOC (822 tn-4.0%) and CO 2 (216157.2 tn-2.5%) emissions were estimated compared with the initial 2010 ones. On the contrary NOx, PM 2.5 and PM 10 values increased -4075.2 tn (14.7%), 12.0 tn (1.1%) and 10.1 tn (0.7%) respectively. The influence of replacing 773.551 gasoline PCs with diesel ones (sub-scenario 2010_2) was not much different from subscenario 2010_1 -CO, VOC and CO 2 values decreased at about 4.3%, 6.7% and 2.6% respectively while NOx, PM 2.5 and PM 10 values were higher from 2010 at about 23.5%, 0.35% and 0.17%. However, when the ratio of gasoline/diesel PC was 0.7 (sub-scenario 2010_3) the differences in emission profiles between 2010 and 2010_3 were more pronounced. The sharp decrease in CO emissions (24661.4 tn-25.7%) revealed the impact of gasoline fuel on PC emissions. The impact on VOC values -28.9% decrease was similar. On the other hand, NOx emissions increased for subscenario 2010_3 from the year 2010 by 44.7% as well as particles, 3.5% for PM 2.5 and 5.4% PM 10 .
❖ Scenario B. Changes in HDV fleet had minor impact on CO (0.76% difference for 20% change in fleet), VOC (maximum difference 1.1% for sub-scenarios 2010_3 and 2010_6) and CO 2 emissions (maximum difference 3.3%). However, NOx emissions were affected by 2.6%, 2.1% and 10.3% when the change in HDV fleet was 5%, 10% and 20% respectively. Concerning particles, the maximum percentage difference in PM 2.5 emissions was 8.8% while in PM 10 it was 7.6%. ❖ Scenario C. Generally, emissions increased when rural and highway driving reduced in favour of urban driving. The increase in the share of annual mileage driven in urban conditions for PCs and motorcycles led to CO and CO 2 increase from 0.73% to 1.9% at sub-scenario 2010_1 to 8.6% and 8.7% at sub-scenario 2010_3 respectively while NOx and particles slightly increased at subscenario 2010_3 (1% NOx, 2.6% PM 2.5 and 3.74% PM 10 ). According to Vanhulsel et al. (2014) the effect of shift of vehicle kilometres between rural and urban negatively affected emissions when urban driving prevailed due to the different velocities that the kilometres are driven. ❖ Scenario D. Generally, the increase in mean velocity values for each driving condition affected the emissions positively, as expected, since engines consume less fuel at higher velocities. CO emissions were lower by 38.39% at sub-scenario 2010_3 when the greatest velocity values were used while the reduction in VOC, PM 10 and CO 2 emissions was 29.28%, 20.54% and 18.55% respectively. Results from sub-scenario 2010_4 11.8% (11356.2 tn) decrease of CO emissions, 14.2% (2169.0 tn) decrease of NOx, 18.5% (1156701.0 tn) decrease of CO 2 and 20.5% (125.3 tn) decrease of PM 10 . ❖ Scenario E. The effect on emissions from the decrease of the trip length by 6.4 km amounted to an increase of 14.6% for CO, 13.3% for VOC, 3.0% for CO 2 , 1.3% for NOx, 0.7% for PM 2.5 and 0.6% for PM 10 . On the contrary, the increase of trip length led to respective percentage decreases on emissions. ❖ Scenario F. The average temperature is required by COPERT as input for evaporation and cold-start calculations. As shown in Fig. 14 the temperature changes slightly influenced NOx, particles and CO 2 emissions indicating that they are not related to the above processes. However, a 20% decrease in temperaure resulted in an 11.6% increase of CO while the 20% increase in temperature affected VOC emissions that increased by 21.7%. ❖ Scenario G. The replacement of 20% Pre-Euro PCs by Euro 5 PCs led to the reduction of CO, VOC and NOx 2010 emissions by 2650 tn (2.76%), 577 tn (2.81%) and 323 tn (1.16%), respectively. However, particles and CO 2 slightly increased. In sub-scenario 2010_2 the decrease in CO, VOC and NOx, was 5.69%, 5.91% and 2.20%, respectively compared with 2010 while CO 2 and particle emissions increased (3.84% for CO 2 , 1.01% for PM 2.5 and 1.54%
for PM 10 ). The consideration that 20% of Pre-Euro, Euro 1, 2 and 3 PCs were withdrawn and vehicles having newer engine technology (Euro5) came into the market, had greater positive impacts on CO, VOC, NOx and particle emissions (sub-scenario 2010_3). Comparing results with 2010 emissions, CO decreased by 10.15% (9787 tn), NOx by 3.48% (966 tn), VOC by 8.25% (1690 tn) and PM 10 0.91% (13 tn) while only CO 2 increased by 1.28% (108,592 tn). The changes in CO 2 emissions are related to fuel consumption. Generally, it was considered that more kilometres are travelled by newer vehicles for all the runs with COPERT (the period 2006-2010 and the scenarios). While changing the engine technology, the kilometres driven by each vehicle category remained stable. As a consequence, in sub-scenarios Euro 5 PCs were attributed to more annual mileage causing the increase in CO 2 emissions. Concerning particles, engine technology positively affected their emissions only in sub-scenario 2010_3 due to the reduction of Euro 3 PCs.
Comparison with other emission inventories
Apart from collecting the most reliable and updated data for the development of a national and regional emission inventory it is very important to compare the results with other emission inventories. In this frame road transport emissions for Greece and Attica from different studies are conveniently presented in Table 9 . These data include national emissions for the road transport sector from the online WebDab -EMEP database (http://www.ceip.at/webdab-emissiondatabase/emissions-as-used-in-emep-models) covering the same period with this study (2006) (2007) (2008) (2009) (2010) and road emissions calculated by other researchers. Comparing national emissions from this study with the EMEP values one may observe that EMEP values surpass the values of this study for the whole examined period for CO and NOx, while there is a good agreement in NMVOC emissions. However, when the ratios of CO/NOx are calculated for both datasets it is found that the results are in (Table 9 ). National emissions calculated by Progiou and Ziomas (2012) are higher by 100.845 ktn for CO, 33.263 ktn for NOx and 7.251 ktn for NMVOC from this study. Concerning the emissions for the Attica region they seem to be comparable to this study for CO (except for Markakis et al., 2010 but emissions are calculated for 2003) while for NOx and NMVOC the difference is 22% and 51% respectively between Aleksandropoulou et al. (2011) and this study.
Concluding remarks
Urban areas continue to face serious air quality problems because of the often high pollutant concentrations which exceed the limits set by the EU. This poses a serious threat to human health and efforts are continuously being made to understand the sources and mechanisms in order to manage air quality effectively. Since road traffic is responsible for the majority of air pollutant emissions, a comprehensive and flexible emission inventory for the road transport sector was created for Greece and Attica, where the Greater Athens Area is located, for the period 2006-2010 according to the EMEP/CORINAIR methodology. The results of this study indicated that:
• The decrease in gasoline consumption in 2008 and 2010 and the subsequent reduction of annual mileage driven combined with the import of new engine anti-pollution technologies affected CO, VOC and NMVOC emissions, while CO 2 was mostly related to fuel consumption.
• Comparing Greece and Attica, the emission results revealed that about 40% of national CO 2 , CO, VOC and NMVOC and 30% of NOx and particles are emitted in Attica. The importance of the urban emissions is shown by the driving condition distribution in Attica. Urban emissions prevailed among emissions in rural roads and highways for all pollutants, although the latter increased their share on PM and NOx.
• Passenger cars contributed mostly to the total CO, VOC, NMVOC and CO 2 emissions for the Attica region while heavy duty vehicles dominated the NOx, PM 2.5 and PM 10 emissions. Motorcycles also played a significant role to CO, VOC and NMVOC emissions since they are more economic and efficient and consequently very popular to use in urban traffic conditions. • Concerning the NMVOC speciation for Attica, species leading to NO 2 and consequently O 3 formation prevailed, while those acting as PM precursors were less important.
• The spatial allocation of CO emissions on national highways in 2010 revealed that peaks appeared at highways close to the Athens basin and at motorways that connect the two larger cities (Athens and Thessaloniki). The emission pattern of total CO, NOx, PM 2.5 and VOC for Attica for 2010 showed that higher values were concentrated over the urban area of Athens and at the local motorways.
• Temporal coefficients were developed for Grid 2 from hourly traffic counts covering the main road network of the GAA at both directions. As a consequence yearly, monthly, daily and hourly emission profiles were created for the period 2006-2010 highlighting the special characteristics of the GAA traffic.
• The temporal allocation of pollutant emissions exhibited higher values for CO and NOx during May and June while the lowest values were found in August. Concerning weekly traffic flow profiles there was an obvious difference between weekdays and weekends following the weekly working schedule.
• The validation of hourly CO and NOx emissions with ambient measured concentrations from an urban traffic station showed satisfactory correlation for CO since it is a primary pollutant. Concerning the ratios CO/NOx from the emission inventory and the measurements, there was a good agreement from 8.00 LST to 10.00 LST in the cold period. However in June, although there was a good agreement in ratios in the early morning after 9.00 LST the emission inventory ratio was almost half of the measurement ratio. This fact highlights the importance of photochemical activity and chemical reactions that lead to the production of secondary pollutants.
• The fleet composition, the increase of urban average speed and the fleet renewal are among the most effective measures towards the emission reduction strategies.
• In order to have a significant decrease in CO and VOC emissions in Athens, the diesel penetrations among PCs must be of the order of 70%. In such a case however, NOx, PM 10 and PM 2.5 and particle emissions will increase by 44.7%, 3.5% and 5.4% respectively, indicating that dieselisation has different impacts on pollutant emissions which should not be neglected in order to make proper policy decisions.
• The shift to new engine technologies affected emissions positively so the withdrawal of older cars (e.g. with PRE ECE technology) and changes in the taxation system should be promoted by policy makers.
• The increase in mean velocity values for each driving condition positively affected the emissions as expected since engines consume less fuel at higher velocities.
• The CO and VOC emissions are more sensitive than PM 2.5 , PM 10 and CO 2 to variability in parameters such as the trip length, the temperature and the velocity attributed to different driving conditions. Moreover, CO, VOC and NOx are mostly influenced by the fleet composition and the type of fuel used by each vehicle category while the engine technology affected all pollutants and CO 2 .
Further work to complete the new emission inventory at national level and for Attica will shed light on the contribution of all sources to the pollutant levels. Moreover, modelling of the pollutants' dispersion and chemical transformations will be possible, leading to the assessment of different mitigation strategies on the local and regional air qualities.
The temporal profiles available for the year 2010 for the GAA (located in Attica) are presented in the following Tables A.1-A.3. For the development of these temporal coefficients hourly traffic counts were provided by the Attica Traffic Management Centre for the period 2006 -2010 covering the main road network of the GAA at both directions. As a consequence the yearly, monthly, daily and hourly profiles were created highlighting the special characteristics of the area's traffic. 
